This paper proposes a variation on a sliding mode control approach that provides significant energy savings for the control of pneumatic servo systems. The control methodology is formulated by first decoupling the standard four-way spool valve used for pneumatic servo control into two three-way valves, then using the resulting two control degrees of freedom to simultaneously satisfy both the sliding mode sliding condition and a dynamic constraint that minimizes airflow. The control formulation is presented, followed by experimental results that indicate significant energetic savings with essentially no compromise in tracking performance relative to a standard four-way spool valve approach. Specifically, relative to standard four-way spool valve pneumatic servo actuator control, the experimental results indicate energy savings of 27 to 45%, depending on the desired tracking frequency.
INTRODUCTION
A typical pneumatic servo system, which consists primarily of a proportionally controllable four-way spool valve and a pneumatic cylinder, is depicted in Figure 1 . In this system, the position of the valve spool controls the airflow into and out of each side of the cylinder, which in turn results in a pressure differential across the piston and thus imposes a force on the load. In such a system, feedback control is incorporated to command a valve spool motion that will result in a desired motion of the piston load. A considerable amount of work has been conducted in the modeling and feedback control of such systems, including the work by Shearer [1, 2, 3] , Mannetje [4] , Ben-Dov and Salcudean [5] , Wang et al. [6] , Maeda et al. [7] , Ning and Bone [8] , Bobrow and McDonell [9] , and Richer and Hurmuzlu [10, 11] , among others. Despite this prior work on the control of pneumatic servo systems, relatively little work has focused on the energetic efficiency of such systems. This topic has generally received little attention from the research community, presumably because most applications draw energy from an essentially limitless reservoir of power (i.e., from a power plant). In many applications, however, the available energy is considerably more limited (e.g., in the case of a mobile robot), and in such cases, the energetic efficiency of the controller is significant. Fluid powered systems in particular offer intriguing possibilities with regard to the energetic efficiency of control. Specifically, the energetic role of an actuator at any given point in time is either to generate or dissipate power. In a fluid powered system, the energetic role of power dissipation can be provided passively by controlling the resistance to fluid flow. Therefore, ideally, a fluid powered system need only draw the minimum required energy from the (high pressure) fluid supply when the actuator is generating power, but need not use the supply when dissipating power. Control approaches related to this notion have been investigated by Sanville [12] , Quaglia and Gestaldi [13, 14] , Pu et al. [15] , Wang et al. [16] , Kawakami [17] , Arinaga et al. [18] , and Yao and Liu [19] . Specifically, Sanville utilized a secondary reservoir to collect the exhaust air rather than being vented to atmosphere to be used as an auxiliary low compressed air provider. Quaglia and Gestaldi proposed a nonconventional pneumatic cylinder that incorporated multiple cylinder chambers embedded into a single actuator with the intent of recycling the compressed air. Research focused on energetically efficient closed-loop control of a standard pneumatic servo actuator is conspicuously absent from the prior literature. This paper attempts to fill this void by introducing a control methodology that enables significant energetic savings in closed-loop control servo actuation.
CONTROL APPROACH
The proposed control approach is based on a standard sliding mode control approach, in which the single control degree-of-freedom (i.e., the spool position of the four-way valve) is utilized to satisfy what is commonly known as the sliding condition, which in turn provides stable tracking with a desired error dynamic (e.g., see [11] ). In order to enable a passive mode of control in a pneumatic servo system, the single four-way spool valve utilized in the standard configuration is decoupled into two three-way valves, as shown in Figure 2 , hence decoupling the discharging of one side of the cylinder from the charging of the opposite side. As such, the single actuation degree-of-freedom is influenced by two control degrees-of-freedom (i.e., the modified servoactuator is a twoinput, single output system). In the proposed energy-saving control approach, this additional degree-of-freedom is utilized to minimize the output impedance of the actuator in addition to satisfying the sliding condition, which in turn minimizes the airflow utilized to track the desired trajectory. The net effect is a variable output impedance controller that only maintains the necessary output impedance required to track a given command. Specifically, standard sliding mode controllers provide good tracking performance, but in doing so consistently maintain a high actuator output impedance, regardless of the tracking demands. The proposed approach provides only the actuator output impedance required to achieve a desired tracking performance. As such, the output impedance of the proposed approach, and thus the required airflow, is significantly lower than that of the standard sliding mode control approach when the tracking demands are low. As the tracking demands increase, the output impedance (and thus the required airflow) of the proposed approach increases, until at high tracking demands (i.e., as the actuator approach power limits), the output impedance and energetic characteristics of the proposed method begin to approach that of standard sliding mode control, and the two approaches become in essence indistinguishable.
MODELING THE PNEUMATIC SERVO SYSTEM
The load dynamics of the system shown in Figure 1 can be written as:
where M is the payload plus the piston and rod assembly mass, is the viscous friction coefficient, is the coulomb friction force, is the external force acting on the load mass, and is the force resulting from the differential cylinder pressure, given by:
where and are the absolute pressures in chamber a and chamber b, respectively, and are the areas of the two sides of the piston, is the absolute ambient pressure, and
A is the rod cross-sectional area. The friction force, , can be described by:
where is a small velocity band around zero. The mathematical model for a pneumatic double-acting cylinder driving an external inertia load has been well described in the literature [20, 21] . With the assumption that the gas is perfect, the process is adiabatic, the pressure and temperature inside the chamber are homogenous, and kinetic and potential (i.e., gravitational) energy of the fluid are negligible, the rate of change for the pressure inside a pneumatic chamber can be expressed as:
where is the rate of change in pressure inside chambers and b , respectively, is the mass flow rate into and out of each side of the cylinder, is the specific heat constant, is the universal gas constant,
the volume of each cylinder chamber, and V is the rate of change in the volume of chambers and . The mass flow rate though a valve orifice (into and out of each side of the cylinder) with effective area A
eff for a compressible substance can be described as:
where is the discharge coefficient, is the upstream pressure, and C is a nondimensional coefficient (that illustrates the two flow regimes: unchoked and choked) given by:
where is the downstream pressure on either side of the valve orifice, C is the critical pressure ratio that divides the flow regimes into unchoked and choked flow, and and C are two constants defined as follows:
and ) 1 (
STANDARD SLIDING MODE CONTROL Sliding mode control is particularly appropriate for pneumatic servo servoactuation, due to the extensive nonlinearities and the presence of parametric uncertainty in such systems. For the system described in the previous section and depicted in Figure 1 , the plant output, which is the load position, x, must be differentiated three times to produce the control input, which is the effective valve area, A eff . As such, the system is characterized by third order dynamics. A typical sliding surface is defined as
where is the output tracking error (i.e. e e d x x − = ), λ is a strictly positive constant, and n for this system is three. In standard sliding mode control, the controller consists of two components, an equivalent control law (which utilizes model information to enforce the condition ), and a switching component, which robustly enforces the condition V , where V is the Lyapunov function. When controlling such a system with a four-way spool valve, one cylinder chamber will be connected to the pressure supply, while the other will be connected to atmosphere, both with the same effective area. As such, two possibilities exist for the system dynamics, one corresponding to the charging of chamber a and discharging of b, and one corresponding to the charging of chamber b and discharging of a. Utilizing the system model described by equations (1-8) yields the following system dynamics:
where equation (10) describes the charging of chamber a (and corresponding discharging of chamber b), and equation (11) (12) In standard sliding mode control, the x (3) is eliminated in favor of lower order terms by using the equation 0 = s & , which as previously mentioned, helps enforce the sliding condition:
Thus, the equivalent control assumes one of the following two modes:
where mode 1 in equation (14) is the equivalent control law when chamber a is being charged and b is being discharged, and mode 2 is the equivalent control law when chamber b is being charged and a is being discharged. Lastly, the complete (i.e., robust) control law is formed by adding a robustness component to the equivalent control law, such that the total control effort is given by:
where Φ a , and Φ b define boundary layer thicknesses and K a , and K b are positive variable gains defined as:
where ϕ, k 1(a,b) and k 2(a,b) are positive constants.
VARIABLE IMPEDANCE ENERGY SAVING SLIDING MODE CONTROL
When the two three-way valves operate independently (i.e., when they need not emulate a single four-way valve), two control laws are required to control the output of the pneumatic servoactuator. In the proposed approach, these control laws are derived by combining the standard sliding mode control sliding condition objective together with an energy saving constraint. The energy in a pneumatic pressure supply (i.e., in a tank) is proportional to the mass in that tank, assuming an ideal gas at some temperature. Thus, the objective of minimizing the energy utilized is equivalent to minimizing the mass flow rate. For a given fixed volume (i.e., the cylinder actuator) and at a given temperature, the pressure in the cylinder is proportional to the mass in that cylinder. Therefore, the objective of minimizing the energy utilized is equivalent to minimizing the pressure in each cylinder chamber. This can be achieved by introducing a dynamic pressure constraint defined as:
where is a globally positive definite function defined by:
and is the desired squared mean average pressure in the absence of tracking demands, and η is a strictly positive constant. In this work, , which implies that in the absence of tracking demands, the pressure in each chamber of the cylinder would converge to atmospheric. The requisite mass flow rate for valve b (which is proportional to the commanded valve area) can be described by combining equation (18) with the definition of J and the system model given by equations (1-8):
where is chamber pressure ratio, (1) and using the expression of the rate of change of the pressure inside the chambers described by equation (4), which yields:
The desired mass flow rate of chamber a is then found by substituting equation (19) into equation (20) , which gives:
Utilizing equation (12), (19) , and (21), the area commands for each respective valve are: where A eff,a and A eff,b are the valve effective areas of the valves connected to chambers a and b, respectively. The complete (i.e., robust) control law is formed by adding a robustness component to the equivalent control law, as described by equations (15) and (16) .
EXPERIMENTS
Experiments were conducted to compare the tracking performance and average required mass flow rate of the proposed variable impedance control with the performance and average required mass flow rate of a standard sliding mode active controller. A schematic for the system setup is illustrated in Figure 2 These parameters were obtained via experiment when possible, and through calculation when experimental measurement was not possible.
In each experiment, the average mass flow rate was determined by charging the 5-gallon pressure supply tank to 7 atmospheres (105 psia), then measuring the tank pressure as the experiment was performed. Assuming the air in the supply tank to be an ideal gas undergoing an isothermal process, the mass in the supply tank is proportional to the tank pressure. Tracking experiments were conducted for sinusoidal frequencies of 0.25 Hz through 1.5 Hz. The experimental results of tracking performance for 0.25 Hz sinusoidal command signal are shown in Figures 3 and 4 for variable impedance control and standard active control, respectively. Both systems demonstrate similar tracking performance. Figures 5 shows the pressure variations in both chambers for variable impedance control and standard active control. It is clear that in variable impedance control, the system runs at a low-pressure level compared to standard active control. Figure  6 shows the supply tank pressure during the initial 30-second tracking history for the sinusoidal trajectories shown in Figures  3 and 4 , clearly illustrating the energy savings provided by the variable impedance approach. The responses to sinusoidal command signals for different frequencies for the two systems are illustrated in Figures 7 through 12. As expected, the experiments demonstrate an increase in the average pressure level for higher frequencies for variable impedance control relative to the average pressure for low frequency command input signals, which indicates the trade off between tracking performance and energy saving. The results of the pressure variations of 1.5Hz sinusoidal signal command for variable impedance control and standard active control are shown in Figure 13 . The average energy savings for different frequencies are listed in Table 1 . As indicated in the table, the energy savings decreases as the desired frequency increases, since the controller requires a higher level of control effort to track the higher frequencies. 
CONCLUSIONS
This paper presents an energy savings approach to the control of pneumatic servoactuation systems. The control approach is in essence a variable impedance controller, which maintains only the output impedance required to track the desired trajectory, and thus minimizes the required mass flow rate of air. Experiments demonstrate that the power consumption of a pneumatic servo system is reduced by 45%, with essentially no sacrifice in tracking performance. The maximum energy saving for the system tested occurs at a frequency of 0.5 Hz, which is somewhere in between the friction domination of very lower frequencies and the more significant control effort required to track higher frequencies. Figure 13 . Experimental results of variable impedance pressure variation for 1.5Hz (black is chamber a pressure, gray is chamber b pressure, high average pressure is standard active control, low average pressure is variable impedance control).
